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ABSTRACT

An analytical approach is used to determine general results for

the effects of both receiver and source motions on a CW signal

transmitted through a deep ocean channel at short ranges. A

bilinear sound—speed profile is used. The receiver and source

are restricted to the surface, and only SRBR rays are relevant .

Time-dependent expressions for the total-field amplitude and

phase are developed for appropriately limi ted time intervals,

and numerical results are presented . General analytical expressions

for the total field are derived and demonstrated to approximate

closely numerical results. These expressions provide the basis

for a study of the acoustical effects of vary ing motion parameters

and initial range. It is demonstrated that effects of differences

in range on total-field phase rate and the time interval between

amplitude maxima are significant at short ranges and diminish as

range increases. Effects on total-field due to receiver motion

are shown to be both significant and widely vary ing , depending on

receiver and source directions and speeds.
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INTRODUCT ION

Until recently, most studies of acoustic transmissions in

an underwater environment have been limited to sources and

receivers in fixed positions. Investigations of energy transmitted

from moving sources usually have been limited to the area of radar

and, in acoustics, to classical treatments1’2 of line-of—sight

transmissions from sources moving in an isospeed medium. How-

ever, the results are not generally applicable in the ocean,

because such effects as refraction , boundary reflection, and

multipath summation have not been included .

In the past few years, however , studies have begun to address

moving—source problems in more realistic oceanic environments,

as exemplified by References 3 through 10. Most of these recent

investigations of relative motion between receiver and source

have been restricted to a receiver, or receivers, fixed in a static

medium. Studies of the effects of receiver motion are not common

in the open literature despite practical uses including a co—

located source and receiver in active moving systems to form

synthetic aperture arrays10 
and to conduct echo—sounding measure-

ments.1’ In part, this may be due to the classical discussions

mentioned earlier, which show that some acoustical effects of

receiver motion (e.g., Doppler—shift frequency) can be deduced

from an equivalent fixed receiver—moving source problem, assuming

line-of—sight transmission in an isospeed medium. For dynamic

and more complicated media , however , it is not correct that ef fects

_ _  ~~~~~ - .~~~~~~~-
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of receiver motion can be determined by extending results of

fixed receiver-moving source investigations.

The primary purpose of this paper , in contrast to those

above, is to apply ray theory in an analytical investigation

of the effects of both receiver and source motion on the

transmission of a CW signal in a deep ocean. In addition, we

will examine these effects over rather short ranges, since to

our knowledge, the literature pertaining to acoustical

investigations of relative receiver-source motion is limited

virtually to relatively long ranges. Our analysis will permit

a specific description of receiver-motion contributions to the

total acoustic f ield, which necessarily include both temporal

and spatial fluctuations.4 We assume for simplicity that the

ocean channel has horizontal boundaries and a sound-speed profile

that is bilinear with depth, as shown in Fig. 1(a). Further, we

consider the case where surf ace and bottom sound speeds are equal ,

and where both the source and receiver are located at the surface.

Therefore, only SRBR (surface-reflected/bottom--reflected) rays

exist)2 In addition, the motions of both receiver and source

are limited to horizontal paths at constant velocities denoted

by 
~~ 

and v
2
, respectively. Relaxation of the above restrictions

could be made, if desired, at the expense of relative simplicity.

In Sec. I, we transform the moving receiver-moving source

problem into an equivalent problem in which all motion is viewed

relative to a moving reference frame located on the receiver.

-~~~- —~~~~~~--—
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Expressions for the geometry, travel time and spreading loss of

individual rays are derived, and equations for the total acoustic

field at the receiver are developed. In Sec. II, expressions for

total-field amplitude and phase, valid for appropriately limited

time intervals, are determined and provide the basis for the

subsequent calculation of numerical results. Examples of such

results at both the minimum ( 2km) and maximum (10 km) of the

assumed short—range interval are presented in Sec. III. Then,

approximate analytic expressions for total-field amplitude and

phase are derived which are used in Sec. IV to explain the

effects on total—field of the variation of motion parameters and

receiver-source range at some initial time. Sec. V is a summary

of the principal findings in this paper.

I. GENERAL DEVELOPMENT

We assume a deep—ocean bilinear sound-speed profile, as

3hown in Fig. 1(a), with equal bottom and surface sound speeds

Cb~ 
This is a reasonable model in many ocean channels of

approximately 5 km depth. Also, we choose initially a f ixed,

left-handed coordinate system, with origin at the surface,

where asterisks designate spatial variables in this fixed

reference frame. The vertical coordinate z~ is measured

positive downward, and the minimum sound speed Cm is at Z~ = hm~
the depth of the SOFAR axis. The sound-speed gradients above and

below this axis are denoted by g1 and g2
, respectively .
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As suggested in Fig. 1(b), both receiver £ and source .!

are on the surface and move on horizontal l inear pa ths at constant

speeds v1 = and v
2 1v21, respectively. The symbols 0’ and

0 denote the positions of t~~ and 2 at a time t arbitrarily designated

as zero , while R is the distance between 0’ and 0. For simplicity,

y* is measured positive in the 0,0 direction, while receiver and

source path directions are described by defining the angles A

and measured positive clockwise f r om the y* direction to the

directions of motion of tfZ and 2 , respectively . At a generic

source t ime t, the moving source .
~~~~ 

emits a CW signal which

travels in a vertical plane and arrives at the moving receiver

at some subsequent receiver time t. The positions of 6Z and .2 at
A A

times t and t for a particular time t and for a particular ray

are shown in Fig. 1(b). Consistent with our notation for

spatial variables, we will use asterisks to denote functions in

the fixed x*, y*1 z~ reference frame. Also, fu nctions of
A

source time t will be annotated with a caret, while functions of

receiver time t will have no such superscript.

From the geometry and fixed f rame of Fig. 1(b ) ,  we can write

an expression for the horizontal distance traveled by a ray

emitted at source time t and arriving at ~Q at time t as follows:

R*(t) = + (v
1
t)2 + (v 2 t) 2 

- 2Rv
1
t cosA + 2 R v 2

t cosy

— 2(v
1
t)(v

2
t)cos (X — y))~~~

2 . (1)

A A A A

We use the notation R*(t), in lieu of R*(t,t), since t is in fact

~ T1T~ .. ..
~~ 
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a function of t. This point will be discussed in detail soon.

Since both the receiver and source are on the surface,

an SRBR ray will cross the SOFAR axis 2N times, where N is a

positive integer corresponding to the number of bottom reflections.

We denote the inclination angle of a ray by 0, where B is measured

positive downward from the horizontal source—receiver direction

in the vertical plane of the ray , as shown in Fig. 1(b). Also,

we denote the ray launch angle at .~~ by O
b
(N,t), since 0 is

completely described by the values of N and t and where the

subscript b corresponds to the surface sound speed C
b
.

As discussed in previous papers,
5’6 if T* (N ,t) represents

the travel time of the Nth ray emitted from ~j at time t, then
A

source time t and receiver time t in Eq. (1) are implicitly

related by

A A A

t = t — T~~(N , t) (2a)

or , in theory , by

A

t = F* (N,t) . (2b)

To reach our initial objective of obtaining the acoustic total-

field at 1~ , it is appropriate to replace the fixed reference

• frame ~~~~~~~~ with a moving reference frame x y ,z at the

receiver. As shown in Fig. 2 , y is measured positive in the 0,0

direction, z is measured positive downward , and the positive

direction of x is consistent with a left-handed reference frame .

‘~J v~~
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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a’
As suggested in Fig. 2, relative to 

~~~~
. ,  ~j appears to move in

the direction of the vector = v2 
— with a constant speed

v = , and the medium appears to have a spatially uniform

“current” which we denote by = - 

l ’ The path of ~~ is now

described by the angle 
~~~~~ 

measured positive clockwise from the
+ 

A

0,0 direction to the direction of v. The horizontal angle A (t)

describes the direction of the current (or equivalently, the direction

of receiver motior relative to the receiver—source direction at
A

time t) and is measured positive clockwise from the current
a

direction to the receiver—source direction at time t. The direction

of the current at t = 0 is denoted by A , horizontal range R (t)

and cos A C t )  at any source time t are given by Eqs . (3a) and (3b) ,

respectively, and the relationships between model parameters are

given by Eqs. (3c) and (3d):

R ( t) = ER 2 
+ (vt ) 2 

+ 2 (vt )R  cos ~ 
~1/2 

, (3a)

A C t )  = ER cos A + vt cos(4, - A0)]

• x ( R
2 

+ (v~ ) 2 
+ 2 (v ~ ) R  cos * )

_ 1
~

2 
, (3b)

÷ 2 2 1/2v = lv i  = [V
1 

+ V
2 

- 2v1v2 costA - y ) ]  , (3c)

and

= tan ’[v 2siny — v1 sinA ] [v 2 cosy 0 
— v1 cosA ]~~~ , (3d)

where the multiple-valued function is restricted to the

interval 0 < < 2,r.
— 0

Since the medium may now appear to move wi th respect to
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the reference frame at ~~ , it will  be useful to distinguish

between expressions valid for moving and stationary media.

Accordingly, we will identify expressions valid in a static

medium with a subscript “ s” (although I?. and I may be in

motion), and expressions for which receiver , source , and medium

are motionless with a subscript “o” (i.e., ~ and L are fixed

at a horizontal distance R apart in a still medium) . Thus ,

expressions without subscripts are valid in a moving medium.

Ref. 12 contains rather general expressions for launch

angle, travel time, and spreading loss in a stationary medium

having a bilinear sound-speed profile. With the prior assumptions

in this paper , Eqs. (3a) and (3b) and the results of Ref. 12 can

be used to deduce required time—dependent equations appropriate

to this problem. The launch angle of one of our SRBR rays is

given by

tan Ob
(N lt) = N (g

1
1 

+ ~~~)(c~
2 

— cm
2
)c~

lE;(~ )]
_l

— [4N(g
1 

+ ~~~~~~~~~~~~~~~~ . (4)

Further , the appropriate time—dependent expression for travel

time in a stationary med ium is

T ( N ,t) 2N(g
1
1 

+ g2
1) 1o~~[(c~/c)(1+sin0 )(1+sin0~)

1
]. (5)

where “log” represents the natural logarithm, 0 is the

inclination angle of a ray at the SOFAR axis , and sin 0
b 

and

sin 0 can be derived from Eq. (4) and Snell’s law, respectively.

—

L ~~~~~~~~~~~~~~~~ 
~~~~~~

. .
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Extensive analyses13’14 of ray geometry~ travel time, and

spreading loss have been made for a uniformly-moving ocean

channel with horizontal boundaries and a bi l inear sound—speed

profile. Using thes~ results and Eq. (5) ,  we can write a time—

dependent expression , appropriate for this problem, which relates

travel time in a moving channel to the travel time in the

absence of a current by

T(N,t) = P (N,t)(1 + M cos O
b
(N,t)cos A (t)]~~ , (6)

where H = 
l V %

l 
and both the launch angle ob

(N:t) and the

horizontal angle between the current direction and the plane of

a ray, A (t), are time—dependent. To consider spreading loss,

we assume that a point source, moving with velocity ~ and emitting

a unity-amplitude omnidi:ectional Cw signal, travels through a

uniform—current medium with velocity 
~~ 

in which an omnidirectional

point receiver is fixed. Neglecting the effects of attenuation

and scattering, the amplitude A (N,t) of a ray at d~ will be

affected only by spreading and boundary losses. Reference 15

developed the relationship between spreading loss in a uniform

current and spreading loss in a stationary medium , if the sound

speed varies linearly with depth. The results of Ref. 15 may be

applied above and below the SOFAR axis of this problem , and we

may write

L (N ,t) = L5 (N ,t) 11 + 0 ( M ) ]  , (7a)

where

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~ 
~~~~~~~~_ .
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L
s
(N
~
t) R2(t) tan28

b 
cscO

b
cscB

m 
(7b)

is obtair~ d by applying Eq. (3a) and the assumptions of this

S paper to the results of Ref. 12.
A A

Denoting the loss at a single bottom reflection by B(N ,t),

the amplitude at the receiver of the arrival with N bottom

reflections is taken to be

A A A A 1 ‘2 A A NA ( N ,t) = [L (N,t)] / [B(N ,t)) , (B a)

since scattering losses are being neglected. The phase of the

Nth arrival can be expressed as
12

A A A A A A

4(N,t) = w T (N ,t) — (N—l)n — NS(N,t) , (8b)

where w represents circular frequency in rad sec 1 
at the

source, and frequency shift due to Doppler is contained in

the time-dependent phase terms ~T and S. The second term on the

right side of Eq. (8b) follows from assuming a ir-rad phase shift
A A

at each surface reflection , and the term S(N,t) represents the

shift at a bottom reflection.

Combining Eqs. (2a), (2b), (4)—(8) and dropping the asterisk
S 

notation, since Eqs. (4)-(8) are written with respect to the

moving frame at ~~~. , we can write the Nth-ray contribution to

the total field at the receiver:

V(N ,t) = A(N,t)sin [wt - (N-l)ii — N S ( N ,t)J

= A (N,t)sin{~~[t—T(N ,t)] — (N—l)w — NS (N ,t ) }

= A(N,F(N,t)]sin{wt - ~T[N,F(N,t)] - (N-l)IT -NS[N ,F(N, t)]}

= A ( N ,t)sin [tit — •(N,t)] , (9a) 

-u- --- _. .— - --..- -~~~- ,S,.- ~~~~~~~~~ - ---- -— -•-~~— --S- - — —.- - - - - - - -
~
-----

~~~
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where •(N,t) wT(N ,t) - (N-l)ir - NS (N,t) is the phase in radi ans

and A(N,t) is the amplitude of the Nth ray. The total field is

formed by summing the arrivals and , in terms of receiver time t ,

may be written in the form

Q.(t)sin[wt — •(t)] Z A(N,t)sin[wt — $(N,t)] . (9b)
N

For the short ranges in thi s paper , the above summation begins

at N = 1, and although the number of terms is countably inf inite,

rapid convergence due to bottom reflection loss permits termination

at some N = N’. Using Eq. (9b), the total—field amplitude , a(t),

and phase, •(t), are given by:

a.2 (t) = tE A (N,t)sin (N,tfl
2 

+ [Z A(N,t)cos (N,t)]
2 
, (10)

N N

sinZ’(t) = Z A (N , t ) sin I~ (N , t) , (l la)
N

S and

cos4’(t) = A(N t) cos$(N ,t) . (lib)
N

Because of the time dependence of $(N,t) in the argument of the

sine terms, Eq. (9b) represents a signal with slight frequency

spreading , and is not exactly single frequency . However, we

elect to interpret the total field as a CW signal of frequency w,

with time-dependent phase ~(t), as well as amplitude a(t).

II. TIME-DEPENDENT APPROXIMJ~TIONS

The total-field expressions at the end of Sec. I are formal

at this point, because a. and • are not known as explicit func tions

-S—-S. —I.p r .~ . - . ..u. miT -L._ - ~~~~~~~~~~~~~~ S 5 ~555
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of receiver time t. Fortunately, this di f f i cu l ty  may be overcome

by considering sufficiently small time intervals. In the ensuing

approximate development, we wish to retain only those ef fects

of source and receiver motion which result in corrections larger

than 0(M) to total-field amplitude and phase, where M = vc~~~.

Therefore , it is necessary to retain only corrections larger than

0(M) to the amplitude A(N ,t) and phase $( N,t) of a single ray

(see, for example, Ref. 16).

In order to express a and 0 explicitly in terms of t, the
quantity F(N,t) is required. Since an explicit expression for

F(N,t) generally cannot be obtained, we proceed to derive an

approximation to it by developing first a time-dependent expansion

for T(N,t), given in Eq. (6). We begin by using Eq. t3a) to

expand Eq. (4) to second—degree terms in source time t:

tanO
b
(N,t) = tanO

b 
- (D

1R
1 

+ D2
R )  (cosil, ) (c

b/R )Mt

+ (l/2){D 1R~~ (3cos
2
4, -l) + D

2
R cos24,}

x (c
b
/Ro

)2(Mt)2 , (12)

where

—l —1 2 2 —l
= N (g

1 + g2 ~ (eb 
— c

m
)c
b , (l3a)

D2 
= [4N(g

1
1 + ~~

‘)c~ ]~~ , (l3b)

and

tanO D R 1 - D R  . (13c)
1 o  2 o

Similarly ,

~~~~~~~~~ -— -- ~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ., ‘IT~I.:
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S.

cos0
b
(t) = Cl + tan2Ob

()J
_l/12

= cosO
b (1 

+ E
l

sinO
b 

COSO
b cos* (c

b/R )Mt

+ {E
2 
S
~
flO
b

COSO
b 

- E~ cos 9
b

[1 (3/2)cos 9
b
]cos*)

x (c
b

/ R ) 2
(Mt)2) , (14)

where

= ED1R 1 + D2R ]  , (l5a)

E
2 

D
1
R 1[(3/ 2) cos24, — (l/2)D

2
R sin2* , (15b)

and 0
bo 

represents the launch angle of a ray emitted from a

source fixed a distance R
0 from a fixed receiver. Similarly ,

Eq. (3b) may be used to expand cos A (t) to second-degree terms
A

in t:

• —l A

cosA (t) cosA + sinA sinq, (C R )Mt —

o o o b o

E (l/2)cosA 0sin2*0 + sinA 0sinq~0cos4,0] (cbR~~
)
2
(Mt)2 . (16) 

- .

Using Snell’s law and Eqs. (5), (6), (12), (14), and (16), we can

now write the following travel-time expansion:

;(N,t) + a2t + t , (17)
S 

where

a = T (N) [1 — M cosO cosA ] . (18)1 o c bo o

Also,

a2 
= G

l
c
b

R M M  + G
2
c
b
R 1M cos~J, , (19a)

where

- — - - -—- .-.— - -
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C1 
= — TO

(N) (cosebOsinA osin*O + 
{N ( g~~ + g2

1) ( c~ —

+ R / ( ( 4 N ) (g
1
1 
+ g;
’)c~ ] )cos2O~~ sin0~~ cosA cos*

)

-~ - cos eb csc0 0 (sinO 0 
— s1nO~ 0

) [2N( g 1 +g 2 ) ] {N ( g1 +g2 ) ( C b
_C

m )

+ R0/ [ ( 4N) (g 1+g ’)c~ ]} cosA
0 cos*0 (19b)

and

G2 = COSObo CSC O (SiflO 0 
- sinO~~~) { 2 N ( g~~ +g~~~)}

x {N( g ’+g~~~) ( c~ _c~~) ( c ~ R0) ’ + R/ [(4N)(g 1+g~~ )c~ ]} , ( l9c)

and

a
3 

H(C
b
R 1)

2
M
2 

, (20a)

where

H = (J2
I~ + J1

1
2
] [2N(g

1
1 
+ g2

1)] . (2Gb )

In the above ,

~l 
= - (D

1
R
1 
+ D2

R
O
)coto

b 
COS

2
B
b cos*o , 

(20c)

1
2 

= (3/2)(D1
R 1 + D

2
R ) 2 

COS
4
8~0

CO5~~/ + E
2
COt0

b
COS

2
O
b~~ 

(20d)

J = — sinO cscO sec2O (sinO — sinO ) , (20e )
1 bo mo bo mo ho

and

_
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(_ (1/2)Sifl
4O
b

(l_SinO ) + (1/2)sin 20
b

sin 2
O (20f)

X (1 + sinO — 2 sinO + 2 sin2O ) — 2 sinG sinGmo bo bo bo mo

X [sin~ 0 cos40 J~~
mo bo

We remark that the exact expression for 12
3 
(Eq. (20a)) contains

a term proportional to M
C
M
2 
which we have dropped , since its

con tribution is sma ll compared to tha t of the other terms in

Eq. (17), assuming that t is suitably restricted . Further,-

T0
(N) = 2N(g

1
1+ g

2
l)log[c~c l

(1+sjnO )(l÷$jfl~~~ )~~~] (21)

is the travel time of the Nth ray emitted from a stationary

source at a horizontal distance R
0 

from a stationary receiver

and traveling through a motionless med ium .

To express resul ts in terms of receiver time t, we substitute

Eq. (17) into Eq. (2a) and obtain

t + (a 2 + 1)t — (t — ai) = 0 , (22 a)

from which

= F ( N ,t) = (2a 3
)
~~~

{
~~

(1+a 2
) ± [(1+122)

2 
+ 4a

3
(t—a

1
))1”2}. (22b)

We have demonstrated numerically that,for t not too large,

is small and Eq. (22a) may be written as

A A A A

+ E (t)  = 0 , (22c)

where c(t) = cz
3t
2 
represents a small perturbation to the Unperturbed

quan tity

~~ (N,t) = 
~~2+1)t (t = 0 .  

- -
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Equation (22d) provides the unperturbed solution t = Ct—a 1
) (12

2
+1)

_i
.

Since c << 1, the d i f fe rence  between this result and the

perturbed solution for t given by Eq. (22b) must be small , which

holds only if the positive sign is chosen for the rad ical in

Eq. (22b). With this choice of sign, if Eq. (22b) is substituted

into Eq. (17) and the result is expanded binomially, we obtain

the followin g expression for travel time in terms of receiver

time t:

T ( N , t) = t + (a
i 

— t) (1+122 )
_ i 

+ ct
3
(a
1—t)

2
(l+a2)

3 
. (23)

Also, using Snell’s law and Eqs. (7b) and (12), we have confirmed

that

(N,t) = L 1
~
’2 (N) (1 + 0(M)] , (24)

where

L (N) = R2 tan2O cscO csc6 (25)o o bo bo mo

is the spreading loss for the Nth. ray with the source and receiver

fixed in a stationary medium.

For the ranges being considered in this paper, it is

reasonable to assume that the loss at each bottom reflection of

a ray is constant and that the corresponding phase shift is

17,18 .zero. Denoting the constant bottom loss by B , and keeping

only corrections in amplitude larger than 0(M), we may now write

the following expressions for the amplitude and phase of the Nth ray:

A (N,t) = A (N ) [1 + 0(M) ] = L u/2 ( N ) B N (26a)  

:I: ....~ ...: - . . - - ., 
- _ 

-
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H
and

•(N,t) = wT ( N , t) — (N—l)~r , (26b)

where T(N ,t) and L (N) are given by Eqs. (23)  and (25) ,

respectively. The approximate total acoustic field is now

known from Eqs. (10) and (11).

The validity of the expansions in this section and our

rationale for retaining second-degree terms in t may be

explained by examining

;(N,t) [~a1 
— (N—1) sr] + wa

2
t + wci

3
t
2 

. (27)

Equation (27) represents the phase of the ray with N bottom

reflections in terms of source time t and follows from Eqs. (17)

and (8b). Since A is typically ~~~ rad sec 1 and assuming that

M may be as large as io 2, it can be shown that if ~~ ~ 5 sec,

the quadratic term ~cz3t
2 
is small and •(N,t) may be approximated

linearly. For larger values of J t ~ , u12
3
t
2 
is larger than N and

must be included in the approximation of 4 (Eq . (27)). To determine

the time interval for which Eq. (27) is valid to within a correction

of 0(M), we derived the cubic term (aj~~4t .  We demonstrated that

its magnitude remains sufficiently small to assure the validity

of Eq. (27) if it i is < 50 sec at R = 5 km and for “large”

relative speeds, although bigger time intervals may be justi f ied

at longer ranges and more moderate speeds. Thus, second-degree

approximations improve the time interval for which our expansions

remain valid while avoiding the inherent difficulties of higher
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than second—degree equations.

Al though the previous paragraphs are concerned with restrictions
a

on t , corresponding l imits on receiver time t may be deduced

from Eq. (2a) (appropriately replacing T*(N,t) with T(N,t)) and

the fact that at short ranges the ray with one bottom reflection

always exists. In particular, the difference between any
A

estimates of the upper limits of t and t is the travel time for

the N = 1 ray , which can be shown to be less than 10 sec for the

ranges considered in this paper. Therefore , the upper bound on t
A

is slightly larger than for t, but the discussion of restrictions
A

on t is essentially valid for t, the time variable of primary

interest.

III. NUMERICAL RESULTS AND ANALYTICAL MODEL

Using Eqs. (9b) - (11) and (24), we have obtained numerical

results which demonstrate the effects on total—field amplitude

and phase of the variation of initial range R , receiver speed

v1, source speed v2
, and initial orientations represented by

the angles A~ and At short ranges, the inclination angle

of a ray at a bottom reflection is suff iciently large that

- 1
• 

bottom loss B , or ratio of reflected to incident amplitude ,

• 17,18- 
.. remains constant over many ocean areas. Therefore, we

elected to use the results of Ref. 18 which suggests B = 0.4 as -

an appropriate value. Also, we chose the circular frequency at

the source to be w = 2,Tf, where f = 350 Hz, and we fixed the

S. 
— - - 5 -— ~~~~~- -S—- S -_ - 5 - - - ”  - -S -~~~~-—~~ -S- -



_ _ _  _ _  

S. - 

__

i -I
rema ining parameter valu es as follows :

= .0536 sec 1, g2 = .0155 sec 1
, Cb 

= 1522 m sec 1, and

C = 1484 m sec 1
. We terminated the summations of Eqs. (9b) — (11)

at N = N ’ , where N ’ + 1 denotes the first ray to contribute less than

one percent of the amplitude of the N = 1 ray. For all parameter

values considered here , the summations could be terminated at N’ = 4.

Figure 3 illustrates 60—sec runs for R = 2 km and 10 km and

for v1 = V
2 

= 10 kn (
~ 5.14 m sec~~ ). The :ound source ~~ and

receiver ~~ move on the same linear path, but in opposite directions.

Therefore, v = 20 kn (= 10.28 m sec 1), A = it rad, and q, = 0 rad.

Although we show typical 60—sec runs, for these particular receiver

and source speeds and directions, results based on approximations

such as Eq. (23)  remain valid for approximately two minutes of

receiver time at R
0 

= 2 kin , and as discussed earlier, for longer

periods of time at R = 10 km. It can be seen from Fig. 3 that

total-field amplitudes show a pseudo-sinusoidal behavior in which

both their extent and rate of variation (oscillations per sec) are

greater at initial range R
0 

= 10 km. The total-field cumulative

phase shows an overall parabolic behavior in which 0 < 0”(t) << 1.

To demonstrate this subtle curvature, we have added dashed straight

lines tangent to the actual cumulative phase curves at t 0.

Fig. 3 illustrates also that this parabolic behavior becomes

more pronounced as R decreases, and at R = 2 km, there is as
0 0

much as an 8-cycle difference between the dashed line and the actual

parabolic phase curves. It can also be seen that the variation of

_ _ _ _ _ _  _ _ _ _ _  ---S. ~~S~~~~~~~~~~~~~~~~~~ - . -5 . 5~~~~~~~~~ - -- - ~~~~---~~~~~~~~~~~ - -
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phase over time, or phase rate, increases with range for a given

relative velocity v. For example, at R = 2 km , the var iat ion is

approximately 48 cycles over a 60-sec period , whereas at R = 10 kin,

the variation is over 120 cycles. The cumulative-phase values

shown at t 0 were chosen to be those between zero and one cycle.

We add that for runs in which the receiver—source distance decreased

with time, the cumulative phase rate was negative, as expected,

and its magnitude varied with range similar to that just described

for positive phase rate. Also, the parabolic nature of cumulative

phase at short ranges seemingly contrasts with the essentially

linear behavior of phase at long ranges, illustrated and

discussed in Refs. 3 thru 6. However, the long-range assumptions

of these studies permitted linear time-dependent approximations of

phase for reasonable, but suitably restricted , time intervals. If

the restrictions on time in these investigations had been relaxed

sufficiently to warra -ft second—degree approximations , a nonlinear

pattern for cumulative phase might also be expected at long

ranges for sufficiently long sampling periods. Finally,  the

extent (3-5dB) and more frequent amplitude fades, in addition to

the well-behaved amplitude pattern, at the short ranges in this

paper contrasts sharply with the deeper (20-25 dB) and less

frequent fades of the more noise-like amplitude pattern which

these references have described for longer ranges.

The consistent and well-behaved patterns exhibited by

total-field amplitude and phase throughout all numerical results
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suggest that it should be possible to obtain approximate

analyt ical  expressions to explain the behavior of the total-

field , rather than relying on numerical computations for

particular sets of parameters. Therefore, we forego displaying

add itional numerical results and turn to the deve lopment of an

analytical model. Using Eqs. (13) and (25), it can be shown that

A(N)/A(l) is 0(10
_i

) for N = 2,3 and is 0(10
2
) for N > 3. with

these magnitudes of relative amplitude, Eq. (10) and basic

trigonometric identities can be used to write

a(t) A(l) + 8( t ) co s [n (t ) ] (28)

where

8(t) = { ( A (2 ) 1
2 
+ (A(3fl

2 
+ 2A(2)A (3)cos T(3,t)_~T(2,t)I)

V2, (29a)

and

n(t) = w[T(2,t)—T(1,t) ]  + tan 1{A (3)sin[~T(3,t)—wT(2,t)J} (29b) -- 
-

-

x {A(2) + A(3)cos [wT(3,t)—wT(2,t) ] } 1

where T (N , t) is known from Eq. (23) and A(N) from Eq. (26a).

To approximate 0(t), we proceed in a manner somewhat similar

to derivations contained in Ref. 19. Specifically, if AO ..(t) and

~0(t) represent the total-field deviations due to motion , then

= a(t) — ac, (30a)

and

1~0(t) = 0(t) — , (30b)

-

~~~~~~

-

~~~ _~~~~~~~~~~~~~~~~~~ 
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where and 0 are total—field amplitude and phase , respectively ,

without receiver and source motion. Using Eqs. (30), Eq. (9b)

can be wri tten as the imaginary part of -

(a +~a)exp{i[wt—o —t~0] } = I A ( N ) e x p {i [ wt— ~~(N ,t ) ) }  . (31)
N

If both sides of Eq. (31) are multiplied by exp {—i[wt - 

O~~
1 ‘and the terms of the summation on the right are combined using

basic trigonometric identities, it can be shown that

0(t) = ~~T(l , t) + [A ( l ) ]~~~8( t) s i n[n ( t ) ] (32)

where we drop terms of size less than io 2, t~ci.ia0 << i, and

A ( N ) / A ( 1)  diminishes with N , as discussed previously.

Comparisons of the numerical results obtained from Eqs. (9b) -

(11) and (26), and the analytical approximations represented by

Eqs. (28) and (32), show that Eq. (28) consistently approximates

a.(t) to within 0.5 dB, and Eq. (32) approximates 0(t) to within

0.05 cycles. In all cases, receiver time was restricted according

to initial range and relative speed, as previously discussed . For

plotting purposes now and to simplify subsequent analyses, the

right side of Eq. (32) may be approximated by

L 

•(N ,t) = ~ [t+(a1—t) (1+122)
_i 

+ a3 (a 1—t) 2 (l+cz2 ) 3] — ( N — 1)-ii (33)

evaluated at N=l, where Eq. (33) follows from substituting Eq. (23)

into Eq. (26b). Figure 4 compares numerical and analytical

values for a magnified portion of the numerical results in Fig. 3.

The results shown are representative of the entire 60-sec run . The 

— — - — -S_S . S . - - —S.—-
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solid curves are numerical results, the dashed amplitude curves

are graph s of Eq. (28), and the dashed cumulative phase curves

depict Eq. (33) evaluated at N=l. The approximate phase values

corresponding to the complete Eq. (32), which contains mul tipath

con tribu tions , generally fall between the solid and dashed phase

curves of Fig. 4. Thus, cumulative phase may be conveniently

described as the sum of the dominant phase of the N=1 ray ,

approximated by Eq. (33), and a multipath correction due to the

combined contributions of the rays corresponding to N > 2. This

correction , approximated by the second term of the right side of

Eq. (32), causes the total-field phase to oscillate subtly about

the phase of the N=l ray. This tendency , confirmed analytically

here, was observed also in the computer simulations in Ref. 3.

Finally, in contrast to the excellent single-ray approximation to

cumulative phase, Eq. (28) shows that the approximation to total-field

amplitude relies on the effects of multipath.

IV. TOTAL-FIELD STUDY

We turn next to an examination of the total field using the

analytical model developed in Sec. III. This section consists of

quantitative descriptions of effects of the variation of initial

range and changes in the parameters of motion on total—field

amplitude and phase. For brevity, we have omitted other results

which could be obt~ ined from Eqs. (28) and (32). As examples,

it is possible to describe the relationship between amplitude

- -- -. -5-5-5- --- - -  ---- S —
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oscillations and cumulative phase, as well as to show that the

extent of amplitude fades increases with range but is independent

of a nonzero relative speed.

For purposes of discussion , we group the effects of receiver

and source motion into two categories. The first category consists

of effects attributable to the relative motion between the

receiver and source, represented by terms containing the

parameter M (or equivalently, v). If the receiver is stationary ,

only this category - exists and the relative—motion parameters are

determined completely from those of source motion. However, if

the receiver is in motion , there is a second category of effects

due to an apparent current, represented by terms containing the

parameter M (or V = v
1
). Furthermore, since a moving receiver

also affects relative motion (see Eqs. (3c) and (3d)), receiver-

motion contributions to the total field are included in both of

the groups just described . Only the second category (current

effects) is considered now, while that dealing with relative

motion will be addressed subsequently.

As demonstrated earlier , Eq. (33) evaluated at N=l closely

approximates total—field cumulative phase. If Eqs. (18), (19a) ,

and (20a) are substituted into Eq. (33) and if we ignore the

small terms for which the sum of the exponents of M and M
~

exceeds two, then

-- ~~±J- 1 J ’ T  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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0 ~ w{T (N) (1-M cosO cosA - MG C R 1
cos ~

, ]
0 c bo o 2 b o

+ [M MG c R 1 
+ MG c R 1cos 4’ ]tC i b o  2 b o  0

+ M
2
H(c

b
R 1

)2t
2
)I ‘ (34)

° 1 N 1

where G
1
, C

2
, and H are given by Eqs. (1~~), (19c) , and (2~ ),

respectively. We have demonstrated numerically that Eq. (34),

although simpler than Eq. (33), is an excellent approximation for

total-field phase. We have also shown that G
icb

R 1 
is 0(1), and

G R
1 
is 0(10 1

) for R < 3 km and 0(1) for 3 < R < 10 km.

A1so~~ H ( % R ~~ ) 2 increase: from approximately lO
_2 

s:c~~ to

lO 1sec 1 
~s R decreases from 10 km to 2 km. Thus, Eq. (34)

shows that current contributions, or second—category effects,

are greater than M for both the time-independent and time—

dependent portions of total—field phase. Also, in certain cases,

these effects dominate those of relative motion. In particular ,

for w = l0~ rad sec
’, the time-independent current effect

represented by t~0T ( l ) M  cosOb cosA O ranges from approximately

one to ten radians, depending on range, for cos A0 not close

to zero. Suppose, also, that the component of relative velocity

-vcos q is close to zero ; i.e., either the path of source motion

is essentially perpendicular to the receiver-source line or

relative speed is negligible. Then the time-independent current

contribution dominates that of relative motion , represented by

- - - - S.- --5 - --—- - - — --- - - - —--— -- - - —5 -- .- - - - — -— - - -~~~~~
S. --5 -S—-- - - -5 - - - - -- - - — - - 5— 
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the term WTO
(l)MG

2
c
bRO
’ cos If cos A

0 
is close to zero ,

however , the current is approximately perpendicular to ray-path

planes , and its ef fects are obviously minimal. Similarly,

Eq. (34) shows that for most receiver and source directions, the

time-dependent current contribution , represented by the term

is small in comparison to the time-dependent

effects of relative motion. However, it is easy to show that the

variation of total—field phase due to current can be as much as

200
0 
over a two—minute time period for receiver and source speeds

of approximately 10 kn and source frequency of ~~~ rad sec 1
.

Thus , if either the path of relative motion is virtually

perpendicular to receiver-source direction or relative speed

is negligible, the time dependence of total-field phase can be

attributed, within our approximations, to current effects.

In order to simpl i fy  our analysis of effects described earlier

as belonging to the fixst category ( - relative motion effects),

we introduce a time—independent approximation to phase rate 0’.

Using Eqs. (19a) and (34), we may approximate

with the N=l ray as follows;

• = w G c R 1
M cos 4’2 b o  o

= w (cose bO
csce

~O
[sine

flO
_sine

bOJ [2(g 1
1
+g~~ )]

x {(g~~+g~~ ) (c~-c
2
) (c

b
R
o
’) + R

0
/[4 (g1

1+g2
1)c~]))

x R V cos 4’ (3 5)

1
5- -— ‘S . - -  S. 
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where , based on previous discussions of coeff ic ient  magnitudes ,

we have ignored the MCMt and M
2
t terms. We remark that the

approximation for 0 ’ could be improved, for example , by using an

average over time, or possibly other procedures. For simplicity ,

we proceed using Eq. (35), which can be used to demonstrate

effects of relative motion on total-field amplitude and phase

over limited time intervals. We note also that since 0(t) genera1l~j

is not proportional to time, the concept of frequency is not well

defined; however, our time-independent approximation of 0’ may be

interpreted as an estimate of Doppler-shift frequency with units of

—l 6,20rad sec

In Fig. 5, the straight lines (solid for R
0 

= 2 km and 10 km,

and dashed for 5 kin) follow from Eq. (35). They show effects for

di f ferent  ranges of changes in the component of relative speed in

the initial receiver—source direction, vtcos4 ’  ~
, on a normalized

—lphase rate w 0’ . Figure 5 illustrates that the effect on phase

rate of differences in relative speed is reduced as initial

range R0 
decreases, and that for a given component of relative

speed, differences in range correspond to smaller differences in

phase rate at longer ranges. This suggests that as range increases

beyond the approximate 10 kin limit in this paper, ef f ects of

range differences are reduced , and differences in the relative—

speed component become the dominant factor in determining phase

rate. Finally, as expected , phase rate is positive (negative)

according to receiver—source distance increasing (decreasing)

- S .  -S.— - -- --- ~~~- —-- - 5 -  - — -—-5 --- - - - -  -~~~~~
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with time , or equivalently, vcosq, being positive (negative) .

Moreover, if vcosd,0 = 0, then the effects of relative motion on

phase rate are negligible , although current effects may cause

phase to exhibit some time dependence , as discussed earlier. To

demonstrate the usefulness of Eq. (35) as an estimate of phase

rate for a specified time interval , if w = 2 i r (350) rad  sec ’ and

vcosip0 = 2 kn ( 10.28 in sec 1) ,  then from Fig. 5 at R0 = 2 kin,

0’ ~ (2.042)w 
. 10~ = 0.72 Hz. This value compares favorably

with the phase rate of 0.80 Hz , shown in the numerical resul ts of

Fig. 3 as a total change in phase of approximately 48 cycles over

a 60-sec time period.

Equations (28) and (29) can be used to describe how the time

between successive amplitude peaks, which we denote by p , varies

with relative motion at different ranges. In particular, Eq. (28)

shows that a(t) reaches a relative maximum with 8(t)cos[n(t)].

Also, Eq. (29b) indicates r~(t) ~ $(2,t) — 4(l,t), since A(3)/A(l)

. —1
is 0(10 ) and therefore, cos[fl(t)] peaks when

cos[4,(2,t) — 4(l,t)] = 1.0. Approximating 8(t) with A(2), we

conclude that 8(t)cos[n (t)] peaks at approximately the same time

as A ( 2 ) c os (~~(2 ,t) — •(l,t)]. Also, if •‘(2,t) is approximated

l inearly in the same manner as •‘(l,t) in Eq. (35), we obtain

~(t) $(2,t)—$(l,t) = w [G2(2)—G 2(l)]Rv(cos4’
)t+K , (36)

where K is a constant. From Eq. (36), it follows that

p If (G2
(2)—G

2
(l)]R

0
1
vcos*01 ’ (37) 

_ _ _ ~~~~~~~~~~~~~ 
-
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where f is frequency in Hz. Equation (37) provides a simple

expression with which to analyze the effects on p of changes

in relative-speed component and range. The hyperbolas in Fig. 5 5 

-

illustrate such effects for a normalized peak—to-peak time

uf at R0 
= 2 km and 10 km (solid curves) and at an intermediate

range of 5 km (dashed curve). In contrast to phase rate , which

essentially increases or decreases proportionally to vcos4’,

differences in peak-to-peak time pf corresponding to differences

in relative—speed component are much greater at lower than at

higher speeds. Also, for a particular value of vlcos4, 
~
, a

change in range corresponds to a greater change in pf at lower

speeds ; and similar to the variation in phase rate, d i f f e rences

in range correspond to smaller differences in pf at longer ranges.

As expected , if vjcos4’ J is small, pf becomes large , consistent

with amplitude becoming constant over time as relative motion

becomes negligible. In addition , the results using Eq. (37) and

shown in Fig. 5 agree favorably with numerical results. For

example , if v = 20 kn (= 10.28 in sec 1), R0 
= 2 kin, f = 350 Hz ,

and cos4’0 
1, then from Fig. 5, p 2.86 sec. For the 60-sec

run in Fig. 3 there are approximately 23 fades in 60 sec for an

average time between amplitude peaks of 2.61 sec. Figure 5

-: suggests also that for a given relative-speed component, the

time between amplitude peaks achieves a relative minimum in

the interval 2 km < R
0< 5 km. This can be confirmed analytically ,

although not included here, by showing that R 1
1G2(2)_c 2(1)1 , as
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a function of initial range R ,  has a rel ative maximum in the

same interval.

As noted earlier, acoustical effects of a moving receiver

can be classified as those due to a uniform current, already

discussed, and those resulting f rom changes to rela tive

receiver-source motion. In order to consider the latter, it is

necessary to examine first the relative—motion parameters as

functions of receiver—motion. In the trivial case of a fixed

source (V
2 

= 0 ) ,  receiver motion completely determines the

relative motion and the effects are as described in the preceding

paragraphs.  If v2 ~ 0 , the e f fec t s  of a moving receiver on

relative motion can be portrayed as in Figs. 6(a) and 6(b),

using Eqs. (3c) and (3d), respectively. Figure 6(a) shows the

effect of changes in a dimensionless receiver speed v1/v2 on a

dimensionless relative speed v/v2 , while Fig. 6(b) shows the effects

of chan ges in v1/v2 on cos4’ . For each figure, the directions of

source and receiver motion at time t=0 are represented in the

term cos(A 0—y0
), whose values generate a family of curves

describing the possible relationships illustrated . Only the solid

portions of the parabolas in Fig. 6(a) are valid , since speeds

are nonnegative. It can be seen that for cos(A
0
-y) < 0, v/v2

increases with v1/v2 and sgn(cos4’0] is independent of v1/v2.

However , if cos (A0— y )  > 0, v/v 2 
decreases before increasing

with v
1/v2 and sgntcos4’0] depends on v1/v2. In addition , for

Fig. 6(b), if cos(A0...y
0) ~ ± 1, there are two possible curves

L~~~~~~~~~~~~~~~~~
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corresponding to cos4’0 
> 0 and cos4’ < 0, respectively; i.e., - .

the relative motion of the source at t=0 may be either away from

or toward the receiver. Finally, there are two possibilities

each for cos(A0—y0
) = ± 1. If cos(A —y )=-l, then cosy = +1(-1)

for all v1/v2, if cosy~ = +l(-l); i.e., receiver-source distance

is increasing (decreasing) with time. However, if cos(A -y ) = 1

and cosy0 1, then cos4’0 jumps from +1 to -l at v1/v2 = 1; if

cosy = -1, cos4i jumps from -1 to +1 at v
1/v2 = 1. Thus ,

determines the sign of the rate of change of receiver—source

distance as was the case for cos(A —y ) > 0.
0 0

Equations (3c) and (3d) can be substituted into Eqs. (35) and

(37) in order to examine specif ically the effects of receiver

motion on total-field amplitude and phase for a particular source

speed ax~d range. As an illustration , we show such ef fec ts for

V
2 

= 20 kn (
~~ 10.28 in sec

1) and R
0 

2 km in Figs. 7 and 8.

It can be seen from Fig. 7 that for nonpositive values of

cos(A — y ), since the time rate of change of receiver—source

distance does not change sign and either increases or decreases

with v1, the correspond ence between and receiver speed is

straightforward and virtually linear. However , if cos(X —y ) > 0,

dif ferences in due to differences in receiver speed depend

greatly on the magnitude of v1, including a possible d i f fe rence

in sign. For example, if cos(A -y )  = 1/2 and the source is

moving away f r om the receiver , there is an approximate d i f f e rence

L. ---5~ -~~~~5- —  - -5  1-5___ ----S. --5—
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of 1.0 in 1O3w~~0’ corresponding to the two values v1/v2 = 0

and 0.5. However , if the re la t ive  speed is between 0.5 and 1.5,

3— 1the corresponding difference in 10 w 0’ is small; if v
1/v2

exceeds 2 .0 , l0 3w 10’ is negative. This pattern of behavior of

is a direct result of the earlier discussions regard ing

the eff ects of changes in receiver speed v
1 on both v and cos4,

when cos (A
0—y0

) > 0, which can be seen in Figs. 6(a) and 6(b)

for the same val ues of v
1/v2.

Trends for pf are shown in Fig. 8, using the same values of

R0 
and source speed v

2 as in Fig. 7. As discussed previously ,

if cos (A — y0
) < 0, the time rate of change of receiver-source

distance does not change sign, and its magnitude increases with

V
1
. This is equivalent to 1 vc054’0 1 being bounded away from zero

and increasing with v1. The result is that pf decreases, but at

a rate which depends on the receiver and source directions, or

on cos (A — However, if cos (A - y )  > 0, the variation

of p f with receiver speed v1 is less predictable, as was the case

for the variation of w 10’ with V
1
. Also, the tendency of pf to

increase without bound corresponds to total—field amplitude

becoming constant.  This geometric consequence can be at tr ibuted

to that particular ratio of receiver and source speeds which , for

a given combination of recei”er and source directions, causes the

relative—speed component to become zero and resul ts  in a neglig ible

time rate of change of the horizontal distance traveled by the 

.
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sound rays. Also front Fig . 8, if the receiver is stationary 
S

(v1/v2 = 0), then l0~~ pf = 1. Since v
2 = 20 kn (= 10.28 m sec 1

)

and R
0 

= 2 kin, if f = 350 Hz, then p = 2 .87  sec . This agrees

closely with the numerical results of Fig. 3 (discussed earlier)

for which both receiver and source were moving , but with the

same relative speed of 20 kn. It can be seen from Fig. 8,

however , that for v
1 

> 0, the eff ects of receiver motion are

distinctly different, depending on the receiver and source

directions. We note that graphs similar to those in Figs. 7

and 8 could be sketched for other par ameter choices, although

the trends would remain the same. Also, for smaller values of

source speed, the intercepts on the vertical axes decrease for

—lw 0’ and increase for pf, and conversely for larger values.

Such figures illustrate vividly the significant effects on total

field which can be caused by differences in receiver speed,

depending on receiver and source directions, source speed, and

range.

V. SUMMARY

This paper presents an analysis of the effects of source and

receiver motion on a CW signal transmitted in a deep—ocean channel

over short ranges. The source and receiver each follow constant—

velocity horizontal path s on the ocean surface. A bilinear sound—

speed profile and horizontal, smooth boundaries are assumed . The

moving source, moving receiver problem is transformed into a

-- -5 -5-
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geometrically and acoustically equivalent fixed-receiver model.

Under certain time restrictions, general equations are derived

for the launch angles, travel times, and spreading losses of

SRBR rays, which lead to time—dependent total-field phase and

amplitude expressions. Because of the short ranges , linear

approximation s in previous studies are replaced by second—

order approximations in order to maintain mathematically valid

expressions over time intervals of sufficient length.

Total-field amplitude and cumulative phase are calculated

as functions of time for various source/receiver speeds,

orientations, and ranges. It is shown that amplitude displays

a rapidly oscillating pseudo—sinusoidal behavior and that cumulative

phase exhibits an overall parabolic pattern, with a subtle

oscillatory behavior on a smaller scale. These results contrast

with the more noise-like, but slower oscillating, amplitudes

and the essentially linear behavior of cumulative phase over

time demonstrated in previous investigations for comparable time

intervals but at longer ranges.

Anal ytical expressions are derived which closely approximate

numerical results. These expressions provide the basis for

studying total—field amplitude and phase in terms of arbitrary

motion parameters and initial range. It is shown that phase rate

increases strictly wi th both range and the component of relative

speed in the receiver-source direction, with the effects of

changes in range diminishing at larger ranges. Peak-to-peak

L~~~5~~- .---- - - - S.~~~~~~~~ T S S 1  ~~~~~ S.S.~~~~~~~~~~~~~~~ - 5 5 S .S - 5 5~~~~~~~~~~~~~~~~~~~~~~~~ -5~~~
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ampli tude time is shown to decrease with an increase in relative - .

speed , with the effects of changes in speed diminishing at

higher speeds and the e f f ects of d i f f e rences in range diminishing

with higher ranges.

The effects of receiver motion on total field are i l lustrated

and discussed. It is demonstrated that a moving receiver

contributes to the total field by introducing a current effect

and also by changing the relative motion. In general, the

primary current contribution is a constant shift in total-field

phase, with the dependency of phase on time being dominated by

relative motion. However, for certain receiver—source directions,

the time—dependent current effect can cause significant variations

in total-field phase and the time-dependence of phase may

essentially be attributed to only current effects. Significant

receiver—motion effects on total field , through changes in relative

motion, are demonstrated , to include the relative importance of

receiver—source directions, as well as the ratio of receiver speed

to source speed.
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FIGURE LEGENDS

FIG. 1. (a) Bilinear sound—speed channel and (b) geometry

for constant—velocity receiver and source motions.

FIG. 2. Moving reference frame geometry for receiver and

source motions shown in Fig. 1.

FIG. 3. Cumulative phase and amplitude vs time over a 60-sec

interval for R = 2 km and 10 km with v = v = 10 kn,
0 1 2

FIG. 4. Approximate (dashed) and numerical (solid) cumulative

phase and amplitude for portion of run in Fig. 3.

Parameter values as in Fig. 3.

3 —lFIG. 5. Normalized phase rate (10 w 0’) and normalized peak—

to-peak amplitude time (l0 3pf) vs relative-speed

component (vIcos~ f) at different initial ranges.

FIG. 6. (a) Dimensionless relative speed (v/v
2
) and (b) cos~ vs

dimensionless receiver speed (v
1/v2) for different receiver

and source directions (cos(A — y)), where v
2 ~ 

0.

FIG. 7. Normalized phase rate (o 1O’) vs dimensionless receiver

speed (v
1/v2) for R = 2 kin, V

2 
= 10 kn, and different

receiver and source directions (cos(X - y)).

FIG. 8. Normalized peak-to-peak amplitude time (pf) vs dimensionless

receiver speed (v1/v2
) for R = 2 km, V

2 
10 kn , and

different receiver and source directions (cos(A — y)).
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